We present the first multibeam bathymetric maps of the Campeche Escarpment, a Mesozoic carbonate platform in the Gulf of Mexico, which represents the closest Cretaceous-Paleogene (K-Pg) boundary outcrops to the Chicxulub impact structure. The impact of an extraterrestrial-body~65 million years ago on top of this platform is implicated in the end of the Cretaceous mass extinction and caused the largest debris flow yet described on Earth, which is found across the floor of the Gulf of Mexico and the Caribbean Sea. The location of the K-Pg boundary has been identified in the escarpment face by combining the new multibeam data with existing information from boreholes. The boundary is represented by an abrupt change in gradient on the escarpment face. The morphology of the escarpment combined with seismic data reveals that a significant amount of material is missing from the face, which failed catastrophically due to seismic shaking produced by the impact. The escarpment face is inferred to be an important source for the extensive debris flows triggered by the impact, whose deposits are found throughout much of the Gulf of Mexico.
The Campeche Escarpment of the Yucatan Peninsula, Mexico (Fig. 1) , forms the steep northern edge of the continental margin that separates the shallow carbonate platform and ramp, which has persisted since the Mesozoic, from the deep waters of the Gulf of Mexico (e.g., Bryant et al., 1969) . The Campeche Escarpment is ≥230 km from the center of the N180 km diameter Chicxulub impact structure ( Fig. 1) , one of the largest known impact structures on Earth (Morgan and Warner, 1999; Denne et al., 2013) . The Chicxulub impact structure was produced when an extraterrestrial body struck the submerged platform (e.g., Hildebrand et al., 1991; Schulte et al., 2010) . The complex structure comprises multiple rings inferred from a concentric circular pattern of gravity and magnetic anomalies, with approximate center near the present day coastline of the Yucatan Peninsula (Hildebrand et al., 1991; Sharpton et al., 1993; Morgan et al., 1997; Christeson et al., 2009 ). The impact is thought to have had profound consequences for the entire Earth, including a global environmental crisis that resulted in the mass extinction that marks the end of the Cretaceous Period (Alvarez et al., 1980; Smit and Hertogen, 1980; Schulte et al., 2010) .
The Chicxulub impact structure, now buried by up to 1 km of Cenozoic sediments, has been identified by gravity, magnetic, seismic reflection, and seismic refraction studies (e.g., Sharpton et al., 1993; Morgan et al., 1997; Christeson et al., 2009; Gulick et al., 2013) . A few boreholes located within the impact structure have penetrated the Cenozoic cover and sampled the impact breccias and deposits that refilled the crater (Urrutia-Fucugauchi et al., 1996 , 2011 Rebolledo-Vieyra et al., 2000; Rebolledo-Vieyra and Urrutia-Fucugauchi, 2004) . These observations combined with modeling (Collins et al., 2002 (Collins et al., , 2008 have enabled the reconstruction of the impact event.
The impact vaporized and ejected kilometers of crust, produced a transient cavity extending down to the Moho discontinuity, and deformed the upper mantle (Christeson et al., 2009) . Within minutes, this cavity was refilled by plumes of material rising from the underlying mantle and by collapse of the surrounding carbonate platform (e.g., Morgan and Warner, 1999; Gulick et al., 2008 Gulick et al., , 2013 Christeson et al., 2009) . The crater also filled with a melt sheet, ejecta, sidewall slope failure blocks, and tsunami deposits Whalen et al., 2013) . A ring of faults extending at least 130 km away from the crater's center have up to 300 m of vertical displacement. These faults were caused by the collapse of the platform and partially refilled the 30 km deep transient cavity (Morgan et al., 1997; Morgan and Warner, 1999) .
The impact generated shock waves with the energy equivalent to a magnitude 12+ earthquake on the Richter scale (Collins et al., 2002) , initiated huge tsunamis, and triggered slope failures. This caused profound devastation throughout the North American southeast and Caribbean (e.g., Smit et al., 1996; Bralower et al., 1998; Norris and Huber, 1999; Goto et al., 2008; Schulte et al., 2012; Denne et al., 2013) and left behind K-Pg boundary deposits that are meters to more than one hundred meters thick (Bourgeois et al., 1988; Alvarez et al., 1992; Smit et al., 1996; Bralower et al., 1998; Norris and Huber, 1999; Claeys et al., 2002; Arenillas et al., 2006; Goto et al., 2008; Urrutia-Fucugauchi et al., 2008; Denne et al., 2013) . The deposits comprise variable mixtures of ejecta, breccia, tsunami deposits, debris flow deposits (debrites), and airfall material.
The morphology and stratigraphy of the Yucatan Peninsula to the north of the Chicxulub impact structure and in particular on the Campeche Escarpment are not well known. However, similar steep carbonate escarpments (e.g., Florida and Blake-Bahama Escarpments) are erosional features where the truncated edges of the nearly flat-lying Cretaceous strata of the adjacent carbonate platforms are exposed (e.g., Dillon et al., 1987 , Paull et al., 1990a .
Few multichannel seismic reflection profiles are available that cross the Campeche Escarpment and reveal its internal structure. Locker and Buffler (1983) published two profiles in an article contrasting the Campeche and Florida escarpments: two ostensibly analogous carbonate platforms on the southern and eastern sides of the Gulf of Mexico, respectively. They note that the edge of the Campeche Escarpment is significantly more complex than the Florida Escarpment. A prominent strong reflector surface outside the impact structure, with considerable topography, extends at least 50 km from the lower Campeche Escarpment face. This reflector is identified as the Mid-Cretaceous Unconformity (MCU), a hiatus separating lower Cretaceous from early Cenozoic strata (Locker and Buffler, 1983) . Faults occur beneath the MCU with N100 m of throw; which was surprising prior to the discovery of the Chicxulub impact structure (Locker and Buffler, 1983) because this is a stable region tectonically (Alvarez et al., 1980; Smit and Hertogen, 1980; Hildebrand et al., 1991) .
In 1970, Deep Sea Drilling Project (DSDP) Leg 10 located two boreholes (Sites 86 and 96) on the Campeche Escarpment. They retrieved apparently complete Paleogene sections rich in pelagic carbonates that ended in a hard formation, which yielded~1% recovery and was composed of oddly orange stained shallow water carbonate facies containing Early Cretaceous fossils (Worzel et al., 1973) . At the time, the existence of the Chicxulub impact structure was not general knowledge, and its potential association with the K-Pg boundary was yet to be realized (Alvarez et al., 1980; Hildebrand et al., 1991) . As a result no consideration was given to whether the recovered Early Cretaceous fossils were in situ or impact ejecta (Worzel et al., 1973) . The closest sampled offshore deposits attributed to the impact event are more than 600 km to the north and north east of the Chicxulub impact structure on the floor of the Gulf of Mexico ( Fig. 1 ; Alvarez et al., 1992; Bralower et al., 1998; Denne et al., 2013) . These deposits are from boreholes drilled during DSDP Leg 77 in 1981, prior to the realization of the existence of the Chicxulub impact structure and its connection with the K-Pg boundary (Alvarez et al., 1980; Hildebrand et al., 1991) . Reinterpretation of the DSDP Leg 77 sites, alongside data from industry wells in the northern Gulf of Mexico, indicate that debrites associated with the K-Pg boundary are up to 200 m thick and occur basin wide (Alvarez et al., 1992; Bralower et al., 1998; Denne et al., 2013) . These deposits are referred to as the Cretaceous-Tertiary Cocktail (Bralower et al., 1998) , hereafter the K-Pg Cocktail, because they contain a distinctive mixture of ejecta, shallow water carbonate breccia bearing Cretaceous fossils, shallow water foraminifera sands, and matrixes of nannofossils from multiple faunal zones. Denne et al. (2013) presented evidence that K-Pg Cocktail debrites on the floor of the Gulf of Mexico involve between~59 and 259 × 10 6 km 3 of material making it the largest known debris flow deposit on Earth (Denne et al., 2013) . They also estimate that between 43 and 116 × 10 6 km 3 of the material in the K-Pg Cocktail was derived from shallow water carbonate platforms and slope environments.
The most proximal samples identified as K-Pg deposits come from boreholes drilled onshore, where breccia dominated deposits that exceed 350 m in thickness occur up to 165 km to the south and southeast of the Chicxulub impact structure ( Fig. 1 ; Urrutia-Fucugauchi et al., 1996; Rebolledo-Vieyra et al., 2000) . A carbonate breccia up to 300 m thick forms the reservoir for the Cantarell Oil Field~300 km to the WSW of the Chicxulub impact structure (Fig. 1 ). This breccia is interpreted to be the deposit of a K-Pg boundary debris flow that carried material~30 km up the slope from the western side of the Yucatan Platform (Grajales-Nishimura et al., 2000) .
The Campeche Escarpment is a likely source for at least some of the shallow-water carbonate found in the K-Pg Cocktail, as it is relatively close (i.e., ≥ 230 km) to the Chicxulub impact structure (Christeson et al., 2009 ) and comprises shallow water carbonate (Bryant et al., 1969; Worzel et al., 1973) . However, the Campeche Escarpment has received little academic attention as a potential source of debris flows. No detailed bathymetry was previously available, which is critical to evaluating whether it is a plausible source area, whether strata associated with the impact are currently exposed at the seafloor, and whether strata associated with the K-Pg boundary contain impact related alteration.
The first science expedition of the Schmidt Ocean Institute on the R/V Falkor was dedicated to producing a detailed map of the Campeche Escarpment. The primary goal was to determine whether deposits associated with the K-Pg boundary are exposed on the seafloor along the Campeche Escarpment and if so what do they reveal about the impact event.
Methods
The R/V Falkor is equipped with Kongsberg EM302 30 kHz and EM710 70 kHz multibeam sonars mounted on a gondola that extends beneath the keel. Surveys were conducted along the 612 km long northern face of the Campeche Escarpment targeting the water-depth range between~400 m and the escarpment base at ≤ 3,700 m. The first multibeam line was laid out to follow the base of the escarpment using existing satellite bathymetry (Smith and Sandwell, 1997) .
Subsequent tracks were steered to get overlapping swath data with the nominal 120°beam footprint of the EM302 system. This was accomplished by running between 4 and 16 swaths parallel to the general NE-SW trend of the Escarpment face. Sound velocity profiles (SVP) were determined with full water column casts of a Valport Midas time of flight sensor at both ends of this initial survey line. Expendable bathythermograph (XBT) measurements on the upper 750 m of the water column were made twice a day and more frequently when the SVP sensor on the sonar gondola and the sound velocity profile being used in the Kongsberg systems differed by more than 5 m/sec. The data were processed using MB-System (Caress and Chayes, 1996) . The EM710 system provides useful data in water depths shallower than 1,200 m, but no attempt was made to obtain full coverage with this sonar. The full 25-m grid resolution of these data is available via Google Earth and the raw data are available through Integrated Earth Data Applications (http://www.marine-geo.org/tools/search/entry.php?id= FK007).
Results
Multibeam data were collected along 5,898 km of track lines within the survey area, which provided 26,685 km 2 of state-of-the-art bathymetric coverage. The multibeam bathymetric survey reveals the morphology of the entire 612 km northern face of the Campeche Escarpment from~400 m water depths to the floor of the abyssal Gulf of Mexico in~3,700 m water depths (Fig. 2) . Two distinctive textures occur along the face of the Campeche Escarpment that are distinguished by the size of the down slope cutting features (here the larger features are called canyons and the smaller, narrower features are called gullies) and the continuity of the slope gradients on the escarpment. The most common morphology along the face of the Campeche Escarpment is characterized by a series of canyons cutting into the escarpment face. These segments of the Campeche Escarpment commonly have 5°slopes above~2-2.5 km depth with an abrupt change to N 25°slopes below (Figs. 1-3) . The steep lower escarpment is indented by~80 submarine box canyons. These box canyons occur withiñ 500 m high cliffs that form semicircular U-shaped amphitheater-like headwalls below~2-2.5 km water depths (Figs. 2 and 3) . The existence of most of these canyons was not known prior to this survey. The steep cliff face can be traced laterally along two segments of the escarpment face that are 290 and 190 km long (Fig. 2) . The steepness and lateral continuity of the cliff faces suggests that the face of the escarpment is largely free from sediment drape.
Although multiple channels occur within the canyon fill below thẽ 500 m high cliffs, only one canyon has a well-developed channel that cuts across the face of the cliff and extends onto the gentler slopes above. The gentle slopes are marked with scarps that outline large slope failures.
The other distinctive texture on the face of the Campeche Escarpment occurs in two segments of the escarpment that are 90 and 105 km in length. It is characterized by having a continuous~9°slope that persists from ≤ 500 mbsl to the base of the escarpment (Figs. 2  and 4A, B) . These slopes are cut by numerous v-shaped gullies, which results in a corrugated appearance. The gullies extend from the upper slope down to the basin floor without a consistent regional break in slope, which suggests a lack of outcropping layers. The boundary between the two textures (canyon versus gulley) occurs where the gullied segments are recessed with respect to the adjacent canyon-bearing segments. The base of the escarpment occurs where the nearly flat-lying abyssal sediments associated with the toe of the distal Mississippi Fan bury the foot of the Campeche Escarpment. In places, an apron of material exists between the flat-lying abyssal sediments and the steep lower face of the escarpment, which laps up onto the lower escarpment. This apron has a distinct blocky texture and appears to be composed of huge mega breccia blocks that are up to 2 km across and in places protrude through the abyssal fill (Fig. 4B, C) . Right angle bends occur in the channels that cross the apron on the lower escarpment (Fig. 4D) .
Discussion

Campeche Escarpment: stratigraphy and structure
The morphology of the steep slopes on the lower Campeche Escarpment indicates that the truncated edge of a massive rock unit outcrops along the face of this cliff. A distinct break in slope on the escarpment face at the top of this massive unit forms a horizon that can be traced along most of the escarpment (Figs. 2 and 3) .
Control on where the K-Pg boundary crops out along the face of the Campeche Escarpment is provided by DSDP Leg 10 drilling results (Worzel et al., 1973) . DSDP Site 86 was drilled in 1,462 m water depths within 200 m of the edge of a terrace overlying the steep face of the lower escarpment (Fig. 3A, C, E with 0.3 m recovery). The gap between these cores pins the depth of the base of the Paleocene to between 2,016 and 2,081 mbsl.
Similarly, DSDP Site 94 was drilled on a terrace~5.5 km from the steep face of the lower escarpment in 1,793 m water depths (Fig. 3B,  D, F) . The first 36 of the 40 spot cores that were taken contained nannofossil ooze, again showing that the Cenozoic section was deposited in an open marine setting and is potentially complete. An abrupt change occurred between the Early Paleocene nannofossil ooze encountered in Core 36 (2,420-2,427 mbsl; with 7 m recovery) and Core 38 (2,428-2,436 mbsl; with 1 m recovery), where dolomites inferred to have been deposited in the interior of a shallow water carbonate platform of Early Cretaceous age were encountered. Core 37 had no recovery. The gap between Cores 36 and 38 pins the depth of the base of the Paleogene nannofossil ooze to be between 2427 and 2436 mbsl.
Because DSDP Sites 86 and 94 were both drilled near the edge of the platform, the position of the K-Pg boundary can be projected laterally to the escarpment face. In both areas, the projected top of the Cretaceous sequences corresponds with the break in the slope of the cliff face and the top of an~500 m high cliff. While the stratigraphy of DSDP Sites 86 and 94 helps constrain the location of the boundary between the Paleogene sediments and the underlying deposits containing at least fragments of Cretaceous age material, whether the recovered Cretaceous material is composed of meteorite impact ejecta or in-place
Cretaceous strata remains unclear. The observed lithologic change in DSDP Sites 86 and 94 is consistent with the pre-Paleogene deposits being the cliff-forming unit. The break in slope provides a traceable horizon that can be identified along two thirds of the escarpment face (Figs. 2 and 3C, D) . With increasing distance from the boreholes, the K-Pg boundary crosses isobaths (Fig. 3C, D) , suggesting that there is either a modest regional dip or some topography on the surface of this unconformity.
The occurrence of faults with substantial throws (~100 m), revealed in the isolated multichannel seismic reflection profiles across the Campeche Escarpment, was noted as being perplexing by Locker and Buffler (1983; line NECE-9) as this is an otherwise tectonically quiet region. These structures primarily terminate at the MCU. In retrospect, the possibility that the observed shelf edge structure is attributable to the impact event should be considered. The faults indicated by Locker and Buffler (1983) now seem modest with respect to the N300 m displacement along the ring faults since imaged on the platform closer to the impact structure (Morgan et al., 1997; Morgan and Warner, 1999; Gulick et al., 2008 Gulick et al., , 2013 . Locker and Buffler (1983) show that the reflector identified outside the impact structure as the MCU rises~800 m (0.9 seconds twt)~50 km from the edge of the lower escarpment, near the present shelf edge (Fig. 5) . This was originally interpreted as being a~50 km depositional . The effect of the K-Pg event on the Campeche Escarpment and its subsequent Cenozoic evolution is illustrated with a cartoon. The pre-impact continental margin is inferred to be a reef-rimmed carbonate platform (Before). Seismic waves from the impact resulted in the collapse of the face of the escarpment (During). The sections of the escarpment face and continental shelf adjacent to the escarpment that failed during the event are illustrated with brown shading. The failed material was transported into the basin by gravity flows, becoming a major contributor to the thick K-Pg Cocktail deposits (orange shading) over the floor of the Gulf of Mexico (After). A schematic interpretation based on multichannel seismic reflection profile GT-3-60 after Locker and Buffler (1983) shows modern conditions (Now). Cenozoic sediments (yellow shading) now cover the K-Pg deposit on the floor of the Gulf of Mexico and the surface of the Yucatan Platform. The MCU on the platform is indicated with the pink line. K-Pg Cocktail deposits are inferred to occur on the surface of the MCU and may be exposed along much of the Campeche Escarpment (Panels C and D). This seismic line (GT-3-60; made available through the UTIG Seismic Data Center (Shipley et al., 2012) also crosses the only canyon that is incised into the upper escarpment, which further complicates the stratigraphy (Fig. 2B, c) . The vertical exaggeration is 16. The new bathymetry shows the profile crossed the lower escarpment on the flank of a canyon, which produced distracting side echo artifacts that have been whited-out for this illustration.
step back in the position of the carbonate platform edge, presumably associated with unknown paleooceanographic changes in the Cretaceous, which corresponded with the MCU. Retreats in the positions of carbonate platform edges are puzzling as shallow water carbonate platforms characteristically experience prolific sediment production which easily keeps pace with long-term subsidence especially in tectonically quiet regions (Schlager, 1981; Mullins et al., 1991) . Conversely, the observed shelf edge retreat may be the scar of a massive slope failure. A scar of this size (50 km wide involving up to 0.8 thick section, which extends for 100 km along the escarpment face) would only involvẽ 4,000 km 3 of material, which represents a modest contribution to the total volume of material inferred to be within the K-Pg Cocktail on the floor of the Gulf of Mexico (Denne et al., 2013) . Moreover, the observation of an abrupt change from the shallow water carbonate facies below the MCU to the sudden onset of an apparently continuous Paleogene pelagic sequence above is consistent with the MCU being generated by a massive slide scar during the K-Pg event (Fig. 5) .
Campeche Escarpment: source for massive K-Pg debris flow
The volume of material that may have failed from the edge of the entire Yucatan Platform during the K-Pg event and contributed to the K-Pg Cocktail on the floor of the Gulf of Mexico (Denne et al., 2013) needs to be considered. Impacts with large extraterrestrial bodies have been identified as the triggering mechanism for other gigantic submarine mass transport deposits (e.g., Deptuck and Campbell, 2012) . The estimated 43 to 116 × 10 6 km 3 of material contained within the floor of the Gulf of Mexico is the largest known mass transport deposit on Earth (Denne et al., 2013) . The WSW (Grajales-Nishimura et al., 2000) and ENE (Alvarez et al., 1992; Bralower et al., 1998 ) flanks of the platform, which were not covered in the recent survey, are likely additional contributors to the massive debris flow. Thus, the likely total source region on the flanks of the Yucatan Platform was~1,300 km long. If the Yucatan Platform is the sole source area, and the escarpment was 3 km high prior to the impact, 11 km of lateral retreat on the entire face of the Campeche Escarpment is required to provide 43 × 10 6 km 3 of material. Shallow water carbonates rimmed most of the perimeter of the Gulf of Mexico in the Cretaceous, providing an additional~2,200 km-long potential source area. If shallow water carbonates from along the entire margin of the Gulf of Mexico contributed material to the K-Pg Cocktail, a volume of material equivalent to minimum 4 km of lateral retreat along the entire edge of the Yucatan Platform would still be required. These simple calculations suggest that the face of the Campeche Escarpment was massively altered during the impact event (Fig. 5 ) and might explain why platform edge facies are absent from the Florida Escarpment as well (Paull et al., 1990a) . The apron, which is exposed in places along the lowermost flank of the escarpment, is interpreted to be K-Pg Cocktail material that overlays the still intact platform edge. Mega breccia blocks that are~2 km across are still identifiable within the apron (Fig. 4B, C) . The right angle diversions in the orientations of channels that cross this apron may reflect channel deflection associated with individual breccia blocks. Seismic profiles suggest that this apron is hundreds of meters thick (Locker and Buffler, 1983 ). This apron is interpreted to be the most proximal pieces of the debris flow material that collapsed into the Gulf of Mexico Basin following the impact. The K-Pg Cocktail apron (Fig. 5) and mega breccia blocks attest to the scale of platform edge failures that occurred along the Campeche Escarpment face presumably during the impact event.
Conclusions
Multibeam bathymetry reveals the detailed shape of the Campeche Escarpment for the first time and provides new insight into how the Chicxulub impact event affected the edge of the Yucatan Platform. A steep cliff occurs on the lower escarpment and can be traced along the majority of the escarpment face. Correlations with boreholes drilled during DSDP Leg 10 indicate that the top of this cliff corresponds with the K-Pg boundary and the face of the cliff corresponds with the underlying deposits found to contain fragments of lower Cretaceous age. Whether the pre-Cenozoic material recovered in these DSDP boreholes is composed of impact ejecta or in-place Cretaceous strata, and if indeed an ejecta blanket does extend to the platform edge is unknown. The Campeche Escarpment face is the probable source for a major component of the material carried in the mega debris flow that filled the floor of the Gulf of Mexico. By inference, several km of lateral retreat of the escarpment face may have occurred during the K-Pg event.
